A series of InxTl1−xI (x = 0.4−0.9) single crystalline solid state alloys were successfully synthesized by the vertical Bridgman method. For the first time the density functional theory based band structure calculations are performed and features of the band energy dispersion are discussed. Comparison with the experimental energy gap Eg obtained from the optical photoconductivity is discussed. An essential role of the localized defects and excitons in formation of the edge photoconductivity is analyzed. Relation between the crystal structure and photoconductivity of the materials studied is discussed. Also the origin of the principal valence and conduction bands is explored. Experimental measurements of the band gap Eg by the optical and photoconductivity methods have given opposite dependences with respect to the indium content x. Features of the photoconductivity spectra for different crystallographic directions have been discussed with taking into account the chemical bonds anisotropy.
Introduction
Single crystals of heavy metal halogenides like TlBrTlI and TlCl-TlBr are of interest for applications in infrared optics, whereas TlCl and TlCl-TlBr are used in the Cherenkov-light detector radiators [1, 2] . A better opportunity to manage in wide energy range the band gap E g for practical applications exists with varying the cationic content of InI-TlI (from E g = 2.01 eV for InI to E g = 2.9 eV for TlI). The latter content InI-TlI is also perspective for applications in the wide spectral rangefrom visible to IR regions.
The titled compounds may be considered as a particular class of binary semiconducting compounds possessing promising optical parameters. For example, there is observed an enhanced attention to the study of physical properties of the crystalline semiconductor compounds A III B VII , including binary layered crystals [3, 4] . The traditional crystals with heavy cations, like TlI and TlIn-I [5, 6] , may serve as the suitable modeling crystals and as those for the search and design of novel crystals. Following Ref. [7] they possess a rare coexistence of the ionic and covalence chemical bonds which define a huge anisotropy of the effective masses and carrier mobility.
Following these reason one can expect that growth of the corresponding solid crystalline state alloys may be perspective for the design of principally new materials with coexistence the long-range-ordered and locally disordered structures. This fact is also responsible for their very promising photo-induced features [8] and defect-induced phase transitions [9] .
In Ref. [10] , the band structure calculations of the single crystal InI were performed using the norm-conserving pseudopotential approach and it was concluded that the energy band gap E One of the first ab initio studies of the point defects in the crystal InI, using the Vanderbilt ultrasoft pseudopotentials and exchange-correlation potential within a framework of the Perdew-Burke-Ernzerhof (PBE) parametrization and the generalized gradient approximation (GGA), are presented in Ref. [11] . In this study, a band structure for perfect crystal InI is provided, whereby the smallest direct energy gap E (d) g is localized at the point Γ of the Brillouin zone (BZ). However, in the other studies [10, [12] [13] [14] [15] , the location of direct energy gap was detected not at Γ point of BZ.
In Ref. [16] , the electronic structure of In x Tl l−x I was calculated using the band structure technique described in Refs. [10, 12] within the framework of the local density approximation (LDA). The principal BZ dispersion was theoretically calculated by the linear interpolation between the lattice parameters for the extreme binary compounds according to the Vegard rule. In paper [16] , the band structure calculations for three values of concentration x (0.25, 0.5, and 0.75), excluding the extreme binary compounds InI and TlI, were explored at 1 × 1 × 1 supercell.
In paper [17] , authors calculated the energy band structure of In x T l−x I using the technique described in [11] , i.e. the superlattice 2 × 1 × 2 constructed from primitive cells of the orthorhombic lattice symmetry Cmcm (63). It was stated in article [17] that the smallest energy gap is localized at the point Q of the BZ.
Comparison of the above mentioned studies reveals their disagreement in the interpretation of band diagrams for both InI and In x T l−x I, prevailingly relating the smallest direct band gap location in the space of the electron wave vector K. Therefore, with the purpose of removal of the noted inconsistencies and clarification of In x T l−x I electronic spectrum peculiarities, we present results of the density functional theory (DFT) calculations using the technique applied in Refs. [11, 16] (ultrasoft Vanderbilt pseudopotentials and exchange-correlation GGA potential).
Contrary to the previous our paper [16] , in the present study, we have used the experimental lattice parameters of In x T l−x I for the calculations of band structure and related values. Earlier studies of InI x Br 1−x , TlI x Br 1−x [18] [19] [20] were devoted prevailingly to the anionic substitutions and solid solutions based on them. As a continuation of previous investigations, in the present work, we perform DFT study of the cationic substituted binary compounds In x Tl 1−x I and latter we compare the results obtained with our measurements of photoconductivity.
Crystal structure
Binary, isostructural TlI and InI crystallize in orthorhombic space group D 17 2h (Cmcm (63)). The structures of both compounds are sandwich layered with two type layers in unit cell and four formula units in it. The layers are oriented perpendicular to the crystallographic b-axis. Lattice parameters depend on the composition of the solid solution [21] . In layers, at different location the I-I bonds are slightly reduced with respect to the bond length corresponding to ionic radii (ion radius of I is 2.20 Å). Based on the nature and location of the reduced distances (Fig. 1 ) the stratification is more pronounced for TlI. Within the layers it can be identified mainly by the iodine atoms along the crystallographic direction [001] (Fig. 1) .
As we will show later, a continuous variation of the lattice parameters in the absence of structural phase transitions is observed. It should be noticed that a substitution Br by I in the anion sublattice of InI x Br 1−x and TlI x Br 1−x changes the corresponding energy gaps E g (x) slightly (0.05-0.1 eV) (x = 0.01−0.1) in comparison to the much larger difference of E g corresponding to the change in the cation subsystem, E g = 2.01 eV for InI, and E g = 2.9 eV for TlI [22, 23] . Studies of the optical properties near the fundamental absorption edge for In x Tl 1−x I give opportunity to determine the nature of the physical mechanisms involving appearance of the localized defects and excitonic resonances. According to Ref. [24] , such studies were carried out for a and c crystallographic directions for several compositions of In x Tl 1−x I. Along these directions, one can find the corrugated chains of metal atoms. As it seen in Fig. 2 , one can also expect a formation of the non-zero ground state dipole moment. One can also expect an increase of the number of defects along with the x-associated deviations from the perfect compounds InI and TlI.
The main goal of the present study is a study of variations of the optical constants for homogeneous, high quality In x Tl 1−x I solid state crystalline alloys obtained using the Bridgman-Stockbarger technique in the wide range of Tl concentration (x = 0.3−0.9). We have performed detailed investigations of the crystalline structure along with the analysis of hyperfine interactions for all materials obtained by using of X-ray powder diffraction (XRPD) and the Rietveld refinement.
The crystalline structure of TlI was firstly investigated at ambient temperature [25] : Z = 4, the Pearson symbol oS8, orthorhombic, space group Cmcm, a = 4.57, b = 12.92, c = 5.24 Å. In turn, the crystal structure of InI has been determined in [26, 27] : InI, structure type TlI, Z = 4, the Pearson symbol oS8, orthorhombic, space group Cmcm, a = 4.763, b = 12.781, c = 4.909 Å. Ab initio quantum chemistry calculation of the InI compound under high pressure has been performed in Ref. [28] . Up to now many references concerning the investigations of the pseudobinary InI-TlI solid state alloys system are known [16, 17, 21, 24, 29, 30] . Our goal is to study the influence of the cation content change of the samples In x Tl 1−x I in the range of x = 0.0-0.7, with the increment of 0.1, on the corresponding optical properties.
Also, in the present study, we performed measurements of the photoconductivity spectra for In x Tl 1−x I solid state crystalline solutions for the main crystallographic directions, at various contents of Indium x vs. Thallium 1 − x at ambient temperature T = 300 K (x = 0.5) and at the temperature of T = 78 K (x = 0.2, 0.3, 0.4, and 0.5).
3. Experimental 3.1. Crystal growth Synthesis of the starting material for growing the crystals was realized by the mixing of binary compounds InI and TlI, taken in equimolar ratio [28, 31] . Samples of the grown crystals are presented in Fig. 3 . Some samples reached a length of 30-40 mm. All the crystals were quite satisfactory relating a transparency and allow to obtain sections (cuts) of different orientations.
Structure determination
In order to be sure of the purity and homogeneity of the grown bulk samples, the large single crystals were powdered. XRPD data for X-ray phase analysis and crystal structure refinement were collected in the transmission mode on STOE STADI P diffractometer [32] at the room temperature T = 295 K with the following setup: Cu K α1 radiation (X-ray tube voltage U = 40 kV, current I = 35 mA), curved Ge (111) monochromator on primary beam, 2θ/ω scan, 2θ angular range for data collection 10.000
• −100.225
• with the increment of 0.015
• , linear position sensitive detector with the 2θ step of recording 0.480
• and time per step 100-270 s. A calibration procedure was performed employing NIST SRM 640b (Si) [33] and NIST SRM 676 (Al 2 O 3 ) [34] standards. Analytical indexing of the powder patterns and determination of the space group were performed using N-TREOR09 [35] . The crystal structure was refined by the Rietveld method [36] with the program FullProf.2k (version 5.40) [37, 38] , applying a pseudo-Voigt profile function and isotropic approximation for the atomic displacement parameters. Absorption correction was accounted by measuring the absorption factor for a sample transmission foil [32] and by Rietveld refinement, according to the type "Transmission geometry (STOE)" [38, 39] . The crystallographic data were standardized with the program STRUCTURE TIDY [39] and the program VESTA [40] was used for structural visualization.
3.3. Optical absorption and photoconductivity measurements The coefficient of optical absorption α of the titled crystals as function of the wavelength λ was measured using the fiber optic spectrophotometer AvaSpec-ULS2048-UA-50 (Avantes) in the wavelength range 450-700 nm with 0.5 nm step at the temperature of 78 K. Measurements of absorption spectra were performed at normal incidence of radiation to the crystals surface (001). The thickness of samples studied did not exceed ≈ 1.5 mm.
Photoconductivity spectra (PC) were measured using the monochromator MDR-23 with the spectral resolution of ∆λ ≈ 1 nm. For measurements at the liquid nitrogen temperature T = 78 K, the samples studied were placed into the optical cryostat, which kept temperature stabilised with the accuracy of ±0.05 K using the temperature regulated cryostat system UTREX. For measurements of photoconductivity in planar samples, the eutectic In-Ga-Sn contacts were attached at the front and back sides of samples [41] . Photoconductivity spectra of In x Tl 1−x I were studied at ambient and liquid nitrogen temperatures for different concentrations of indium (x). Measurements were carried out along the c-direction on the ac-surface of the b-cut crystal plate and along the b-direction of the plate.
To clarify the mechanism of PC for the single crystals In x Tl 1−x I near the absorption edge spectral region we had recourse to the fact that the spectral dependence of photocurrent generally is consistent with the optical absorption spectrum for thin films. However for thick layers there is a minimum in the photosensitivity spectrum at absorption peak position.
Method of calculations
The performed calculations were carried out with CASTEP program [42] using the DFT approach. The calculations were realized within the GGA with the PBE exchange-and-correlation functional [43] . The interaction of electrons with the atomic cores was described with the Vanderbilt ultrasoft pseudopotentials [44] .
The electronic wave functions are expanded in a plane wave basis set with the energy cut-off of 350 eV. The atomic levels 4d 10 5s 2 5p 1 for In atom, 5d 10 6s 2 6p 1 for Tl atom and 5s 2 5p 5 for iodine atom are treated as valence electron states. For the Brillouin-zone sampling, we use the 4 × 2 × 2 Monkhorst-Pack mesh [45] . The selfconsistent convergence of the total energy was taken as 5.0 × 10 −7 eV/atom. For DFT calculations of In x Tl 1−x I solid state solutions the supercells, representing 2 × 1 × 1 unit cells containing 16 atoms, were created. The crystal symmetry of this supercells were reduced to triclinic, P 1, to remove symmetry operations. The geometry optimization of lattice parameters and internal atomic coordinates were determined using the Broyden-Fletcher-GoldfarbShanno (BFGS) minimization technique with the maximum ionic Hellmann-Feynman forces within 0.01 eV/Å, the maximum ionic displacement within 5.0 × 10 −4 Å, and the maximum stress within 0.02 GPa. These parameters are sufficiently small to lead to a well-converged total energy of the structures studied.
Results and discussion
It was found that the smallest possible content of indium in the grown samples In x Tl 1−x I is x = 0.3, so that the present study relates to the concentration x in the range of 0.3-1.0 (apart low-temperature structure of TlI). All the investigated samples are single-phase samples, as it was detected by the X-ray diffraction method (XRD). A formation of the continuous solid state alloy solution (SSS) between InI and TlI is expected since both components of SSS, InI and low-temperature modification of TlI, are isostructural. Replacement of In atoms by larger Tl ones leads to an increase of the unit cell parameters b and c and to a decrease of the parameter a (Fig. 5 , Table I) , with a total increase in the volume V of the unit cell. It is interesting to note that the opposite dependences take place for the range 0.4-0.5 of indium concentration x. A decrease of the parameters b and c and an increase of the parameter a, together with decrease of the unit cell volume, could indicate possible structural transformation near the stoichiometric InTlI 2 composition. In the crystal structure of this phase, the (In, Tl) and I atoms are connected via one bond of the shortest length of ≈ 3.26 Å (Table II) . Additionally, each (In, Tl) and I atoms are surrounded by four I and (In, Tl) atoms, respectively (Fig. 6) , at four equal distances of ≈ 3.47 Å, thus forming infinite, slightly distorted planar layers.
The photoconductivity spectra of In x Tl 1−x I (x = 0.5) at room temperature are presented in Fig. 7 . Taking into account that the peaks of spectral distribution of photoconductivity are responsible for the phototransitions in the alloy, one can evaluate the band gap energy E g . It was found to be close to the value E g = 2.31 eV estimated by the absorption band edge of the sample In 0.5 Tl 0.5 I.
Spectra of PC of the samples studied measured at the liquid nitrogen temperature (T = 78 K) are presented in Figs. 8-10 . The experimentally observed intense maxima of the PC spectra correspond to the dissociation of the electron-hole pairs (excitons). Several mechanisms may cause the exciton dissociation: (a) exciton dissociation with the formation of free electrons and holes that contribute to PC; (b) excitons can recombine due to the photon absorption; (c) exciton dissociation processes based on the longitudinal optical (LO) phonon absorption and emission.
The PC band at 1.2 eV (n-type conductivity) may be attributed to the presence of the photoactive defect centres associated with the anion vacancies or cation interstitials. We suggest that these impurities may cause the electron transitions to the conduction band from the donor levels formed by the cation interstitials, thus being as a source of photoconductivity. These cation defects may form chains along c-direction of the crystal. We observed small anisotropy of the maxima positions in PC spectra obtained at different polarizations for In 0.5 Tl 0.5 sample registered in the photon energy range close to the band gap E g (Table III) .
For the case of PC spectrum obtained without applied voltage (Fig. 9) , a photocurrent observed was of positive and negative signs: the impurity related photoconductivity corresponds to the positive photocurrent and the intrinsic photoconductivity relates to the negative one. The photon energy range of 2.1-2.3 eV, where the photocurrent changes from positive to negative sign, corresponds to the band gap energy E g . Negative photocurrent of In 0.5 Tl 0.5 I in the energy range hν > 2.1 eV indicates for the predominant p-type of photoconductivity in the material. In PC spectra of In x Tl 1−x I for different values x of indium content (Fig. 10) , position of PC peak is spectrally shifted towards higher energies for lower indium contents.
For the samples In 0.7 Tl 0.3 I and In 0.8 Tl 0.2 I, the existence of two clear PC peaks in the range 2.1-2.3 eV may be related to the heterogeneity of the samples discussed in Ref. [46] . Another reason that may explain the appearance of two PC spectral peaks in the range 2.1-2.3 eV is a presence of the direct and indirect energy band gaps E (d) g and E (i) g of the materials studied [16, 47] . The relatively broad peaks of PC and clear dependence of their spectral positions for different composition of In x Tl 1−x I (Figs. 7-10 ) allow to consider In x Tl 1−x I as a promising photosensitive material for the red and near-IR spectral ranges.
Calculations of the band structure of In x Tl 1−x I for the index x less than 0.375 seem to be not so interesting because the synthesis and growth of the good quality single crystals for these concentrations are not possible [28] . We have found that SSS In 0.3 Tl 0.7 I grown with the indium concentration x = 0.3 (In 0.3 Tl 0.7 I) is polycrystalline. Results of the band structure calculations for InI supercell 2×1×2 show that direct band gap E (d) g is not placed at the high symmetry point Q of the BZ (as mentioned in Ref. [17] ), but at between Γ and Z points. This fact points to the inaccuracy of the InI and In x Tl 1−x I band energy spectra in Ref. [17] .
The measurements of the absorption spectra (Fig. 11 ) were performed in order to check the theoretically calculated parameter E g with experimental data. The theoretical results are in a good agreement with experimental data. A decreasing character of the band gap dependences on the indium content E g (x) was found for the experiment (Fig. 11 ) and ab initio calculations (Fig. 12) . In both cases however, clear deviations from straight lines of the same character are observed (Fig. 12) . The principle [46] explanation for this seem to be the Burstein-Moss effect [48] , which is caused by the excess carriers (electrons and holes) of the doping atoms. These excess carriers lead to the increase of the band gap E g . Additionally, for all crystalline alloys studied, one can see a clear difference of anisotropy between the valence and conduction band dispersions E(K). The top of valence band is more flat and the conduction band shows higher dispersion. It is caused by the fact that the holes have less mobility with respect to the electrons. The top of the valence band is formed prevailingly by p-anionic (iodine) and s-cationic (indium and thallium) states and the bottom of the conduction band is formed by p-cationic states. The substitution of thallium by indium leads to the increase of the effective masses of the particular holes and electrons, that is seen from the analysis of the dispersion E(K) in Fig. 13 . This behavior is evidently caused by the known inverse dependence of the dispersion E(K) (and corresponding inverse effective mass d 2 E/dK 2 ) and the crystal unit cell volume V c (for the materials studied, In x Tl 1−x I, the inverse relation between V c and x takes place). Maximal dispersion E(K) is observed for the bands in the direction Γ −F −Q and Γ −Z of BZ, when the critical points corresponding to the band gap E g are taken place at Γ −Z segment of the BZ.
Conclusions
The chemical synthesis and crystal growth of the solid state alloys In x Tl 1−x I have been realized in the whole possible range of the indium content x = 0.375−1.0 and the X-ray based crystal structure of these materials have been studied. On the basis of the crystal structures obtained, the optical and photoconductivity spectra of . In x Tl 1−x I were studied for the first time both experimentally and theoretically. Good correlation between the experimental (optically defined from absorption spectra) and calculated band gap energies E g for In 1−x Tl x I solid state alloys have been detected. A decreasing character of the band gap dependences on the indium content E g (x) was found from the experimental and theoretical DFT-based studies.
The impurity related photoconductivity found in In 1−x Tl x I crystals has been attributed to the n-type conductivity caused by donor levels and formed by the cation interstitials arranged along the crystallographic c-axis direction.
